Compounds known to be inhibitors of mixed-function oxidase systems inhibited the aerobic synthesis of hydroxylated carotenoids in Staphylococcus aureus U-71. Growth of the cells in the presence of 2-diethylaminoethyl-2,2-diphenyl valerate, 2,4-dichloro-6-phenylphenoxyethylamine, 2, 4-dichloro-6-phenylphenoxyethyldiethylamine, and piperonyl butoxide reduced the levels of the rubixanthins found in stationary-phase cells by 75 to 97 %. In cells grown with mevalonate-2-'4C, the turnover rate of phytoene was reduced and the turnover rate of phytofluenol was increased in the presence of these inhibitors. The t-and b-carotenes, which turn over in the absence of the inhibitors, accumulated 14C in the presence of the inhibitors. This suggested that a mixed-function oxidase was responsible for the aerobic hydroxylation of b-carotene in S. aureus U-71.
The hydroxylation of cyclic hydrocarbon carotenoids to form xanthophylls in many bacterial species requires molecular oxygen (9) . Xanthophylls can also be formed by the anaerobic hydration of noncyclic hydrocarbon carotenoids as in the photosynthetic bacteria (15) . Other oxygen-requiring enzymatic reactions involve the introduction of one atom of molecular oxygen into a wide variety of substrates and are termed mixed-function oxidase systems (11) . The mixedfunction hydroxylases responsible for steroid hydroxylation in adrenal microsomes (3) and for drug and carcinogen hydroxylations in liver microsomes involve a heme protein, cytochrome P450 (4, 14) . The cytochrome P450 of the mixedfunction oxidase system can be inhibited specifically by 2-diethylaminoethyl-2,2-diphenyl valerate (SKF 525-A), 2,4-dichloro-6-phenylphenoxyethylamine (DPEA),. 2,4-dichloro-6-phenylphenoxyethyldiethylamine (DPDA), and piperonyl butoxide (PB; references 2, 5, 8, 10) .
The marked stimulation of rubixanthin synthesis by oxygen in Staphylococcus aureus (6, 7) suggested that molecular oxygen could be involved. This study shows that the specific inhibitors of mixed-function oxidases inhibit the oxygen-requiring hydroxylation of b-carotene to form the rubixanthins. 2-'4C in 250 ml of medium (6) . The cultures were then centrifuged at 37 C, suspended in 1,700 ml of nonradioactive medium containing either 50 ,ug of DPDA or 100 ,ug of PB per ml of medium, and sampled as described (6) .
MATERIALS AND METHODS

Materials
Extraction and assay of the carotenoids. Lipids were extracted by the Bligh and Dyer procedure (1), the extract was saponified, and the carotenoids were separated chromatographically and assayed spectrophotometrically as described (6 (16) , and the absorption spectrun was compared with that of the total carotenoid extract to determine the proportion of the absorption at 460 nm corresponding to the 5-carotene.
Radioactivity. Radioactivity was measured with a scintillation spectrometer as described (6) .
RESULTS
Effects of the inhibitors on growth. The cell yield after 18 hr of growth with the inhibitors is illustrated in Table 1 . The amines DPDA and DPEA inhibited growth substantially above 50
,mg/ml. At 400 ,ug of PB per ml, there was substantial growth. After centrifugation the bacterial pellets showed a progressive decrease in color with increasing inhibitor concentration.
Effects on carotenoid formation. Analysis of the carotenoid levels at the end of the growth cycle in the cultures used in Table 1 revealed that, as the concentration of PB was increased, phytoene accumulated and 5-carotene decreased. The most striking effect was the substantial decrease in the rubixanthin concentration (Fig.  1) . Cells growing in the presence of 50 ,ug of PB per ml formed only 10% as much of the rubixanthins as the control culture. As the concentrations of DPDA and DPEA were increased, similar effects were detected. In the presence of 25 ,ug of DPEA or DPDA, 13 to 25 % as much rubixanthin was formed as in the control culture (Fig. 2) . The phytoene concentration decreased, and b-carotene increased as the concentration of the amines was raised (Fig. 2) . As the concentration of SKF 525-A increased, b-carotene accumulated and the rubixanthins again decreased substan- (Fig. 4) . Phytoene lost 52% of its radioactivity in 50 min. The 14C accumulated in the carotenes in this 50-min period of growth in nonradioactive medium. In control cultures, phytoene lost 72% of its radioactivity, ¢-carotene lost 48% of its radioactivity, and b-carotene lost 20% of its radioactivity during the same period (6) . In the presence of PB, the phytofluenols lost 53% of their radioactivity in contrast to 34% in the control cultures (6) . There was no turnover of 14C in the total carotenoid in the presence or absence of PB. At 100 ,g of PB per ml, there was no effect on the growth rate.
In a similar experiment, cells grown with mevalonate-2-14C were suspended in nonradioactive medium containing 50 ,ug of DPDA per ml, and the 14C in the carotenoids was determined 4 . Turnover ofcarotenoids during growth in the presence of PB. Cultures were incubated in the presence of mevalonate-2-14C for two divisions, washed, and diluted into nonradioactive medium containing 100 'g of PB per ml as illustrated in the lower curve. After 30 min of growth in the nonradioactive medium, the cultures were sampled periodically, the lipids were extracted, and the carotenoids were separated and assayed for 14C as indicated in the upper curves. Carotenoids are indicated as in Fig. 1. the carotenes accumulated 14C, and the phytofluenols lost 32% of their radioactivity in 50 min after the transfer to nonradioactive medium. Again there was no turnover of the total carotenoid 14C. DPDA at 50 jug/ml had no effect on the growth rate.
DISCUSSION
The mixed-function oxidase inhibitors DPEA, DPDA, SKF 525-A, and PB inhibited the aerobic synthesis of the rubixanthins by 75 to 97% at concentrations which did not affect the growth rate. Total carotenoid levels were not affected by PB. The increase in phytoene and the carotenes was matched by the decrease in the rubixanthins (Fig. 1) . DPDA, DPEA, and SKF 525-A substantially decreased both the total carotenoid level and the rubixanthins (Fig. 2, 3) . The Fig. 4 except that 50 ,ug of DPDA per ml was added after the transfer to nonradioactive medium.
creased by 20% in the presence of PB and DPDA (Fig. 4, 5) . The carotenes, which lose radioactivity in a pulse-chase experiment, accumulated '4C in the presence of PB and DPDA.
These inhibitors are relatively specific for the P450 mixed-function oxidase activities of the mammalian microsomes which hydroxylate a variety of substrates with molecular oxygen (8, 10, 14 (6, 7) . Aerobic growth in the presence of PB may stimulate this secondary pathway, as there was an increased loss of radioactivity from the phytofluenols (Fig.  4) . Growth with DPDA did not increase the rate of loss of radioactivity from the phytofluenols above the control (Fig. 5) .
